Abstract: Thermosteric contribution of warming oceans to the global sea level variations during the last century was evaluated at globally distributed 27 tide gauge stations with records over 80 years. The assessment was made using a recently proposed lagged model inclusive of a sea level trend, long and decadal periodicities, and lagged sea surface temperature measurements. The new model solutions revealed that almost all the long period periodic sea level changes experienced at these stations can be attributed to the lagged thermosteric effects of the warming oceans during the 20 th century. Meanwhile, statistically significant (p<0.05) anomalous thermosteric contributions to the secular trends, some of them as large as 1.0±0.2 mm/yr, were detected at six tide gauge stations close to the equator and open seas. The findings of this study revealed a more complex impact of the warming oceans at the globally distributed tide gauge stations other than a secular contribution to the sea level trends of the previous studies.
Introduction
The impact of the warming oceans, known as thermosteric effect, on the sea level changes is poorly quantified (Munk, 2003) . This is mainly because of the difficulty in differentiating the compounding of steric changes with eustatic contributions at long and secular time scales¹. Until re-*Corresponding Author: H. Bâki Iz: Division of Geodetic Science, School of Earth Sciences, The Ohio State University, Columbus, Ohio, USA, E-mail: H.Baki.Iz@gmail.com 1 With GRACE mission's detailed measurements of Earth's gravity field anomalies during the last decade, it would soon be possible to directly assess the mass gain over the oceans.
cently, 47% of the global sea level variations were claimed to be from the eustatic component which is combined with changes in salinity and contributions from terrestrial storage (Jevrejeva et al., 2008) . In this budget, the contribution of the average temperature of the global ocean has increased over the past half century and has accounted for over 80% of the heat absorbed in the climate system (ibid.). It was claimed that this input of heat into the ocean may have caused thermosteric expansion of the water contributing to sea level rise up to 25% (see, e.g., Munk, 2003 , Lombard et al., 2005 , Bindoff et al., 2007 , Jevrejeva et al., 2008 ). Yet, several other studies reported markedly different percentages and some of the earlier investigations carry considerably large uncertainties (Munk, 2003) . More recently, Rahmstorf (2007) , Vermeer and Rahmstorf (2009) proposed a semi empirical approach in which the sea level adjusts quickly to temperature changes and can explain 98% of the variations in the global sea level time series. However, another study by Kopp et al. (2016) deemphasized the impact of the thermosteric contributions to the global sea level rise considerably.
This study addresses the above problem with a new model based on distributive lags proposed and demonstrated by Iz (2016a) , which captures thermosteric effects of the oceans at tide gauge stations using tide gauge measurements as dependent, and the lagged effect of the global sea surface temperature (SST) data as independent variables. The model also accounts for the first order autoregressive correlation in the global SST temperature data as well as several unmodeled periodicities in sea level variations of origins other than warming oceans together with a secular trend to represent leftover non-thermosteric contributions. This study is an implementation of the distributive lag model to identify and quantify the thermosteric contributions of warming oceans at 27 globally distributed tide gauge stations with records over 80 years.
In the subsequent sections, first, the statistical properties of the global SST anomalies to be used in the model solutions are presented. What follows is a brief account of the 27 globally distributed tide gauge stations with long records. Twenty-seven solutions to a descriptive model with a secular trend that includes all the lump sum secular effects of any origin and several periodicities are generated for assessing the new model solutions. The new model that incorporates the effect of the global SST anomalies to the sea level variations are then described, and the estimated non-thermosteric contributions of the warming oceans to the sea level trends at 27 globally distributed tide gauge stations are presented. Concluding remarks follow the discussions.
Global SST Anomalies
This study uses the Met Office Hadley Center's globally averaged SST data, HadSST3 (3.1.1.0). The data set spans yearly global field of SST from 1850 to 2015. The data has been adjusted to minimize the effects of changes in instrumentation (Kennedy et al. 2011a (Kennedy et al. , 2011b and are neither interpolated nor variance adjusted (Met Office Hadley Center, 2015) . Figure 1 displays the monthly global SST anomalies relative to 1961-1990², which is superimposed with a statistically significant global deterministic trend, 0.40±0.03 ∘ C/c (p<0.00), and acceleration, 0.67±0.11 ∘ C/c 2 (p<0.00) and an oscillation of 69 yr and its 138 yr subharmonic as estimated by Iz, (2016b) . Figure 2 exhibits the corresponding yearly averaged SST anomalies. 1961 -1990 (Met Oflce Hadley Centre, 2015 used in this study.
in deploying global SST data, they will induce spurious correlations. First order differences can be used to ameliorate this problem but they suggest a unit root random process, which is not warranted in modelling global SST time series. Moreover, first differences of the global SST anomalies introduce negative autocorrelations, albeit being small (ρ = −0.23, see Iz (2016b) for details) that will bias the current study. Meanwhile, the same study demonstrated that the first differences calculated using the following expression are devoid of any red noise and effectively preserve the nonrandom content of the series, namely, the deterministic trend, acceleration, and periodicities in the global SST series shown in Figure 1 ,
In the above expression, T i is the global SST measurement at an epoch i, ρ is the first order correlation coefficient determined to be 0.82 (ibid.). Figure 2 exhibits the yearly temperature anomalies to be used in this study. 3 refers to the yearly temperature changes, ∆T, calculated using the above expression. To repeat, the yearly differences in Fig. 3 exhibit no statistically significant first order autocorrelation (ρ<0.1), which is the requirement for the explanatory variables of the new model proposed by Iz (2016a) . This requirement is to ensure that no spurious correlations induced by the red noise are introduced into the solutions.
Globally Distributed Long Tide Gauge Records
The Permanent Service for Mean Sea Level (PSMSL) repository has maintained a tide gauge database from over 1800 stations since 1933 (PSMSL, 2016) . The PSMSL offers Metric and Revised Local Reference (RLR) data. The metric data is the raw data directly received from the authorities, whereas the RLR data contains monthly and annual mean sea level data referenced to a common datum (ibid.). This study deployed yearly averaged RLR tide gauge records longer than 80 years from 27 globally distributed stations downloaded in February 2016 ( Figure 3) . A detailed graphical exhibit of the monthly tide gauge data for all stations can be found in Iz (2014) . All the records were truncated before 1912 because of the limited availability of global SST anomalies extending as early as 1852 to be used in the analyses with an optimal time lag of 60 years for each yearly tide gauge record. This issue will further be clarified in the following sections. No corrections for the Glacial Isostatic Adjustment (GIA) and regional tectonics were applied to either the data or the subsequent secular trend estimates discussed in the following sections. Hence, all the inferences refer to relative sea level changes. 
Descriptive Model Solutions as a Baseline
Traditionally, reconstruction of sea level variations observed at a tide gauge station starts with a deterministic secular trend and a datum offset. More recently, Iz (2014) study revealed several periodicities that are due to the coupling of external forces such as solar radiation (insolation), in tandem with other natural or forced sea level variations and broadband internal ocean-atmosphere interactions, including steric and eustatic contributions producing signatures at multi-decadal time scales. The following harmonic model describes the compounded contribution of these effects (the descriptive model).
In this model, the initial epochs of the measurements are shifted to the middle of the series for shorter time offsets to improve the numerical stability of the solutions, h t represents the yearly averaged tide gauge data at t = t Start · · · t End , h t0 is the unknown sea level reference height defined at the middle epoch of the measurements, t 0 . The initial velocity v t0 is defined at the same epoch.
In addition, sea level changes at a given station exhibit multi-decadal scale sea level variations in relation to the regression of the lunar node, which completes its cycle in P =18.613 yr, to produce subharmonics with periods including: 2×P = 37.226 yr; 3×P = 55.839 yr; 5×P = 74.452 yr, and its super harmonics with periods: P/2 = 9.306 yr; P /3 = 6.204 yr, and potential variations in total solar radiation with a period of P = 11.1 yr, with subharmonics with periods: 2×P = 22.2 yr. The summation is carried over for all the above harmonics, n. To reiterate, the sub and super harmonics are present in global sea level variations as shown by Iz (2014) . They are likely to be caused by compounding of periodicities external to the Earth with other natural or forced sea level variations and broadband internal ocean-atmosphere interactions, including steric and eustatic contributions producing signatures at multi-decadal time scales.
Meanwhile, a recent study by Iz (2015) revealed that the same 27 globally distributed tide gauge stations used in this study were also affected by a multitude of periodic changes at decadal scales. In addition, 18 out of 27 tide gauge stations exhibit statistically significant (p«0.05) periodicities within the 12-14 yr. range. Therefore, a frequently occurring 12.4 yr periodicity was also incorporated into the model given by the Eq. 2.
The random variable e t represents the lump-sum effect of the random instrument errors and unmodeled effects in sea level changes, i.e., disturbances³, which are homogeneous and identically distributed and assumed to be averaged out for the long series (i.e. their expected values are zero). Table 1 shows the statistically significant trend and periodicities calculated using the above descriptive harmonic model (Eq. 1) using a stepwise procedure to eliminate parameters that are not statistically significant (p>0.05). Note that a stepwise solution removes or adds parameters to the model to generate a solution with an optimal number of statistically significant parameters. Although the yearly averaging effectively removed high frequency variations and reduced the amplitude of the low frequency periodicities, the series still contains several periodicities listed in the first two columns of the sub tables of the Table 1 . The trend estimates represent the lump-sum effect of steric, eustatic, halosteric and various local isostatic origin experienced by the tide gauge measurements at a given station.
The next section is about a new model, which is an extension of the descriptive model as proposed by Iz, (2016b) . The new model incorporates global temperature data as another set of independent variables with lag coefficients (lag weights) as parameters representing the lagged thermosteric effects of warming oceans to the local tide gauge measurements. A detailed description of the model can be found in Iz (2016b) .
The New Statistical Model and its Solutions
The new model to be used for the reconstruction of the 27 globally distributed tide gauge time series accounts for a multitude of effects, namely: the effect of yearly global SST changes represented by distributed lags; a trend represents a lump-sum of secular changes in the sea level other than thermosteric effects, such as eustatic contributions, local isostatic effects including local lithosphere moving up or down; mountain building resulting from plate tectonic collusions; glaciation; sediment compaction 3 The disturbances of monthly tide gauge data for most of the globally distributed tide gauge stations were shown to be positively autocorrelated (Iz et al., 2012) and may impact the solution statistics markedly. The autocorrelations for the yearly averages nonetheless are smaller and were cautiously ignored in this study.
in large deltas; or anything that adds to or subtracts from the weight of the earth's crust. The model also includes decadal and interannual periodicities that may be of astronomical origin compounded with other natural or forced oscillations inherent in sea level changes (as included in the descriptive model), as well as global SST induced changes. In other words, the new model is an augmented version of the earlier descriptive model with the distributed lags discussed in the previous sections with overlapping information. The composite model is expressed as follows:
In the above expression, h is the observed sea level at an epoch t at a given station, u t is the stationary error term. ∆T t−s is the lagged SST change over time at a given epoch t, while s represents the lag of the marginal effect of the global SST change in the past to the sea level. Note that ∆T t−s , the change in the temperature anomaly, is in yearly intervals (eq.2 and Figure 6 ). It is also assumed that the global SST data contributes to the sea level with 60-year long time lags⁴, i.e. q =60. The lag-weights, βs, adjust the contribution of temperature change ∆T t−s over time to the observed sea level at the tide gauge station. The constant datum offset α, together with lag-weights βs are the parameters to be estimated using an ordinary least squares solution together with the coefficients of the sine and cosine components of the periodicities and the sea level trend parameter.
It is important to emphasize that the estimated trend in this model will be devoid of any contribution due to the global warming of the oceans because this effect is explained/represented by the distributed thermosteric lags.
The model given by eq. 3 admits various alternative solutions for different combinations of parameters. This is because the representation contains overlapping information. For instance, the periodicities carried over from the descriptive model, especially the sub and super harmonics of the lunar node and the solar radiation, are realized through compounding of external forcing as discussed in Iz, (2014) including the variabilities induced by the warming of oceans. However, once the compounders are removed, it is expected that some of the periodicities (sub and super harmonics) will disappear. Trend is in mm/y, S and C stands for the coeeficients of Sine and Cosine components of the periodicities (in mm) joined by the period in years. Colums 2 and 3 are the estimated and the corresponding standard deviations for the descriptive model solutions. Colums 4 and 5 refers to the Distributed lag model solutions. All the parameters are statistically significant at 5 percent level. The mean square error (a posteriori variance of unit weight) and the adjusted R 2 values for each model are tabulated on the last row of each sub-table. The common parameters that are not statistically significant in the distributed lag model solutions (crossed) but not in the descriptive model are shaded. The parameters with blank cells are not included in the descriptive model solutions. Trends from both solutions are marked in red color if they are statistically significant different from each other at 5 percent level (A word of caution: this statement about the statistical significance is not strictly correct because both model solutions are using the same data set, i.e. the estimates and their standard errors are not independent). The new model consists of 80 parameters including 60 parameters due to the unknown lag weights. The total number of model parameters is undesirably large for a least squares solution with redundancy for a yearly tide gauge station time series of 100 years long. Nonetheless, as it became evident after several solutions that not all parameters were statistically significant. Given the fact that the new model emphasizes modelling contribution of the thermosteric effects, a backward elimination solution was deemed to be appropriate. The backward elimination solution starts with all terms in the model, and removes the least significant term for each step, starting with the lag weights while preserving the trend parameter in each solution and moving backward in the selection process while preserving those parameters statistically significant below 5 pc significance level. Because the priority is given to the effect of the lags over the descriptive harmonics, the harmonics that contain the same temperature information may not be needed once the thermosteric effects are incorporated by the statistically significant distributed lags.
All the station solutions' estimated parameters tabulated in Table 1 (third and fourth rows) were obtained using the backward elimination procedure. As expected, most of the sub and super harmonics that were statistically significant in the baseline solutions are no longer needed except the subharmonic with 37 yr period, however, remained statistically significant. In addition, the harmonic with 12.4 yr periodicity is still statistically significant because its source can be attributed to a decadal phenomenon observed along the eastern coast of continental US. The phenomenon is generated by the natural variability of the Atlantic Ocean recognized as a broadband process in the context of wind-induced decadal variability (Sturges and Hong, 2001 ) and quantified by Iz (2015) . Meanwhile, the original source of the sub and super harmonics, namely, luni-solar parameters were preserved in most cases.
The major solution statistics of the distributed lag models, namely root mean square errors (i.e. a posteriori variance unit weights) and the Adjusted R 2 values indicate that the new models solutions explain the sea level variations as good as or better than the descriptive model solu-tions. The variance inflation factors (VIF) ⁵ for all the lag weights are close to 1 indicating that the contribution of each parameter is independent from the other parameters. The calculated Durbin-Watson Statistics⁶ indicate that the residuals are not autocorrelated, fulfilling one of the requirements of the proposed model. The difference of the trends estimated using the baseline model and the lag-weights quantifies the contribution of the thermosteric effects to the trends at the tide gauge stations (Table 1) . As discussed before, this is simply because the distributed lag model solutions account for the effect of the thermosteric effects to the sea level variations at all levels, i.e. secular, long periodic, decadal, as well as episodic. Therefore, the trend estimates are not affected by the warming of the oceans, whereas the trend estimates using the descriptive models are the lump sum effect of all secular changes due to the eustatic, steric, and various local isostatic contributions.
The findings demonstrated that thermosteric effects are overwhelming contributors to the subharmonics revealed by the descriptive model solutions, namely, those with long periods extending over decades. They are the major compounders of luni-solar forcing generating the sub-harmonics. This finding is also an independent confirmation of the conjecture put forward in Iz (2014) study, which was about compounding of nodal and solar radiation forcing with other natural sea level variations creating sub and super harmonics in sea level changes. Global SST anomalies have turned out to be one of these compounders at a majority of the tide gauge stations as evidenced by the vanishing log periodic sub-harmonics in the distributed lag model solutions.
Significant contributions of the warming oceans to the secular sea level changes were also distinguished at six stations; Brest FR, Mumbai IN, Annapolis USA, Boston USA, Key West USA, and Pensacola USA (Table 1) . Meanwhile at higher latitudes, among the nearby Atlantic City, Annapolis and Baltimore USA tide gauges, Annapolis tide gauge is the only station that exhibits thermosteric contribution to the estimated trend. Therefore, the reliability of the estimated trend using the distributed lag model for the Annapolis tide gauge station is questionable. Five of the six tide gauge stations with statistically significant thermosteric contributions to their secular trends are located on the western periphery of the Atlantic Ocean and close to the equator region (except Brest FR) where the temperature of the sea surface is maximum (27-30°C) within a few degrees of latitude north of the equator. These stations are on the way of the meridional overturning ocean circulation, which transfers large amount of heat from low to higher latitudes. These are the locations where the impact of thermosteric contributions were expected to be detected. The absence of the thermosteric contributions for the Pacific Ocean is because of the limited number of long tide gauge stations. The absence of trend contributions to the secular sea level changes at the Honolulu USA, San Francisco USA, and Sydney AU on the Pacific Ocean may be attributed to the proximity of these stations to the thermohaline circulation and the disruptive effects of ENSO events.
Conclusion
The model used in this study is an application of the formulation proposed and demonstrated by Iz (2006a) that accommodates sea surface temperature data at a global scale. The model enabled differentiating thermosteric contributions to the secular changes observed at coastal regions at 6 of the 27 tide gauge stations for the first time from the tide gauge data, which is modelled as a function of averaged global sea surface temperature measurements as well as other kinematic and periodic model parameters.
The major finding of the study is that almost all the long period periodic sea level changes experienced at these stations can be attributed to the lagged thermosteric effects of the warming oceans during the 20 th and early 21 st century. The thermosteric contributions are not only location dependent but also temporal with periods of ocean warming followed by periods of cooling, lagged in tandem with the periodic variations of global SST anomalies detected by Iz (2016b) . This finding is also an independent confirmation of the conjecture put forward in Iz (2014) study, which was about compounding of nodal and solar radiation forcing with other natural sea level variations creating sub and super harmonics in sea level changes. Global SST anomalies have turned out to be one of these compounders at a majority of the tide gauge stations as evidenced by the vanishing log periodic sub-harmonics in the distributed lag model solutions. It was shown that globally warming oceans have also contributed to the secular variations experienced at six tide gauge stations at Brest FR, Mumbai IN, Boston USA, Key West USA, and Pensacola USA. Statistically significant (p<0.05) trend contributions were at varying levels up top 1 mm/yr at these six tide gauge stations, which are close to the thermohaline circulation, the equator and bordering the open seas, where the impact of the sea surface temperature is high.
